1. Reactive Oxygen Species and Their Derivatives, Reactive Aldehydes {#sec1-molecules-24-04545}
====================================================================

With regard to reactive oxygen species (ROS), these include unstable short-lived molecules that contain oxygen (O~2~**^.^**, H~2~O~2~, and OH**^−^**) and are highly reactive in cells. The term "ROS" is often substituted by the phrase "free radicals"; however, strictly speaking, only O~2~**^.^** and OH**^-^**are considered free radicals. Besides oxygen, reactive species (RS) may contain nitrogen, carbon, sulfur, and halogens.

Over 90% of ROS in eukaryotic cells are produced by mitochondria \[[@B1-molecules-24-04545]\]. Mitochondria produce a substantial amount of superoxide anion at Complex I and via autoxidation of a ubisemiquinone anion radical at Complex III, where O~2~**^.^** is released on both sides of the membrane (for recent reviews see \[[@B2-molecules-24-04545],[@B3-molecules-24-04545],[@B4-molecules-24-04545],[@B5-molecules-24-04545]\]). Superoxide anion may give rise to a variety of reactive carbonyl species (RCS, reactive aldehydes (RAs)), which are three to nine carbons in length ([Figure 1](#molecules-24-04545-f001){ref-type="fig"}). Of these, α,β-unsaturated aldehydes (4-hydroxy-trans-2-nonenal (HNE) and acrolein), di-aldehydes (malondialdehyde (MDA) and glyoxal), and keto-aldehydes (4-oxo-trans-2-nonenal (ONE) and isoketals (IsoK)) are the most toxic RAs ([Figure 2](#molecules-24-04545-f002){ref-type="fig"}).

RAs can be more destructive than ROS because (1) they have a much longer half-life (i.e., minutes to hours instead of microseconds to nanoseconds for most free radicals), and (2) the non-charged structure of aldehydes allows them to migrate long distances from the production site through hydrophobic membranes \[[@B6-molecules-24-04545],[@B7-molecules-24-04545],[@B8-molecules-24-04545]\]. Reactivity between aldehydes differs both qualitatively and quantitatively. The most extensively studied aldehyde, HNE is generated by the oxidation of lipids containing polyunsaturated omega-6 acyl groups, such as arachidonic or linoleic groups, and of the corresponding fatty acids (FAs). This aldehyde elicits deleterious effects primarily by oxidizing intracellular components, including DNA, lipids, and proteins \[[@B9-molecules-24-04545]\]. Another aldehyde, 4-oxo-2-hexenal (OHE), is generated by the oxidation of ω-3 polyunsaturated FAs, which are commonly found in dietary fish oil and soybean oil \[[@B10-molecules-24-04545]\]. OHE is thought to possess DNA-damaging potential similar to that of HNE. In contrast, ONE was shown to be a more reactive protein modifier and cross-linking agent than HNE \[[@B11-molecules-24-04545]\]. It has been proposed that the greater neurotoxicity of ONE may indicate different reactivity characteristics than those of HNE. In comparison, MDA possesses a stronger mutagenic and carcinogenic potential in mammalian cells than HNE \[[@B12-molecules-24-04545]\].

The estimation of exact RA concentrations in cells is difficult since concentrations of several µM, the maximum reported for the cell cytoplasm, are averaged values. However, it is plausible that RA concentration levels may be much higher locally for a short period of time \[[@B13-molecules-24-04545]\]. Whereas cellular concentrations of HNE under physiological conditions can reach 0.3 mM, HNE accumulates at concentrations up to 5 mM in cellular membranes under conditions of oxidative stress \[[@B14-molecules-24-04545]\]. Also, Esterbauer et al. suggested that HNE and other aldehydes are unlikely to reach physiological concentrations of approximately 100 μM \[[@B7-molecules-24-04545]\]. However, much higher levels may be transiently achieved in the vicinity of peroxidizing membranes because of the high lipophilicity of RA. As an example, within the lipid bilayer of isolated peroxidizing microsomes, the concentration HNE is approximately 4.5 mM \[[@B13-molecules-24-04545],[@B15-molecules-24-04545]\]. The concentration of an RA in the membrane is strongly dependent on its lipophilicity and, for example, is higher for ONE and HNE than for 4-hydroxy-2-hexenal (HHE) \[[@B16-molecules-24-04545]\].

2. ROS Detoxification Systems {#sec2-molecules-24-04545}
=============================

The cell's own systems of defense from oxidative stress include different ROS detoxification systems, such as superoxide dismutase, catalase, and glutathione peroxidase (for detailed reviews see \[[@B12-molecules-24-04545],[@B17-molecules-24-04545]\]). Several lipophilic or water-soluble, membrane-permeable molecules (tocopherol, carotenoids, anthocyanins, polyphenols, and uric and ascorbic acid \[[@B18-molecules-24-04545]\]) can work as endogenous or nutritional antioxidants (for review see \[[@B19-molecules-24-04545]\]).

The production of ROS in mitochondria is also sensitive to the proton motive force and may be decreased by artificial uncouplers (e.g., dinitrophenol, carbonylcyanid-*m*-chlorphenylhydrazon (CCCP), carbonilcyanide *p*-triflouromethoxyphenylhydrazone (FCCP)) or proteins transporting protons from the intermembrane space to the matrix, a process termed "mild uncoupling" (Skulachev, 1998).

Several members of a mitochondrial membrane protein superfamily, known as the solute carrier family (SLC25), such as adenine nucleotide transporter (ANT) \[[@B20-molecules-24-04545],[@B21-molecules-24-04545]\], dicarboxylate carrier \[[@B22-molecules-24-04545]\], phosphate, aspartate glutamate carrier \[[@B23-molecules-24-04545]\], and members of the uncoupling protein subfamily (UCP1--4) were proposed to be involved in proton transport.

It is well accepted that the best investigated member of the UCP family---UCP1---uncouples substrate oxidation from mitochondrial ATP synthesis by transporting protons from the intermembrane space to the matrix \[[@B24-molecules-24-04545],[@B25-molecules-24-04545],[@B26-molecules-24-04545],[@B27-molecules-24-04545],[@B28-molecules-24-04545],[@B29-molecules-24-04545]\]. The protonophoric ability of other uncoupling proteins is a longstanding issue in controversial debates \[[@B30-molecules-24-04545]\]. The proton-transporting capacity of UCP2 and UCP3 was shown to be comparable with the capacity of UCP1 in lipid bilayer membranes reconstituted with recombinant proteins (2--14/s, for a review see \[[@B31-molecules-24-04545]\]). Several studies in multiscale and biomimetic systems indicate that the function of UCP2/UCP3 is associated with the transport of different metabolic substrates \[[@B32-molecules-24-04545],[@B33-molecules-24-04545],[@B34-molecules-24-04545]\], possibly alongside proton transport \[[@B26-molecules-24-04545],[@B35-molecules-24-04545],[@B36-molecules-24-04545],[@B37-molecules-24-04545]\]. A recent comparison of wild type and UCP2^-/-^ or UCP3^-/-^ knockout mice \[[@B21-molecules-24-04545]\] implied that both proteins are not involved in H^+^ transport. Unfortunately, the tissue(s) chosen in this study were previously shown to have no presence or very low abundance of UCP2/UCP3 under physiological conditions \[[@B38-molecules-24-04545],[@B39-molecules-24-04545]\].

Nègre-Salvayre et al. was the first to suggest UCP2 involvement in ROS regulation, combining the largely accepted view that a high mitochondrial membrane potential leads to increased production of ROS (particularly superoxide anion) with the idea that UCP2 diminishes the membrane potential by transporting proteins from intermembrane space to the mitochondrial matrix \[[@B40-molecules-24-04545]\]. This suggestion was extended by Brand and colleagues who proposed that UCP activity was regulated by superoxide \[[@B41-molecules-24-04545]\] or RAs (HNE) \[[@B42-molecules-24-04545]\]. A coherent theory for a feedback mechanism was formulated whereby increased ROS production would activate uncoupling to decrease ROS formation; oxidative damage would thereby be reduced (for review see \[[@B43-molecules-24-04545]\]). In contrast, Cannon's group, using brown-fat mitochondria from UCP1^-/-^ and superoxide dismutase (SOD^-/-^) knock-out mice, showed that HNE could neither (re)activate purine nucleotide-inhibited UCP1, nor induce the additional activation of innately active UCP1 \[[@B44-molecules-24-04545]\]. No support for the tenet that superoxide directly or indirectly regulates UCP1--UCP3 activity could be found \[[@B45-molecules-24-04545],[@B46-molecules-24-04545]\]. In subsequent studies, a high membrane potential was suggested as a requirement for the activation of UCP-mediated uncoupling by HNE \[[@B47-molecules-24-04545]\]. Experiments performed in a well-defined system of bilayer membranes reconstituted with recombinant UCPs \[[@B48-molecules-24-04545]\] revealed that HNE did not directly activate either UCP1 or UCP2. However, HNE strongly potentiated the membrane proton conductance increase mediated by different long-chain FAs in UCP-containing and UCP-free membranes. These results contributed to an understanding of the controversial results observed by different groups in multiscale systems and allowed to investigate the molecular mechanism of HNE--UCP interactions (see [Section 4.4](#sec4dot4-molecules-24-04545){ref-type="sec"}).

3. Mechanisms of RA Action {#sec3-molecules-24-04545}
==========================

A consensus exists that RAs play a dual role in cellular processes: They are known to modify proteins \[[@B49-molecules-24-04545],[@B50-molecules-24-04545],[@B51-molecules-24-04545]\], DNA \[[@B52-molecules-24-04545],[@B53-molecules-24-04545]\], and lipids \[[@B16-molecules-24-04545],[@B54-molecules-24-04545]\], but are also involved in important signaling pathways \[[@B50-molecules-24-04545]\]. However, the molecular mechanisms of their action are still far from being well understood. It is becoming increasingly clear that in both cases, RAs form adducts with the nucleophilic groups of proteins, DNA and lipids \[[@B55-molecules-24-04545]\]. Meanwhile, it is evident that RAs not only target a large variety of molecules, but also that the mechanisms of such interactions differ. The latter are still poorly understood and seem to depend on the chemical structure of RAs, interaction molecules, lipid environment, and the distance between the RA source and the target molecule \[[@B56-molecules-24-04545]\].

An increasing number of studies have shown that RAs bind to proteins and impair their function by modification of amino acid residues and protein crosslinking to an extent that depends on their reactivity (for review see \[[@B14-molecules-24-04545],[@B57-molecules-24-04545]\]). Both ONE and HNE covalently bind to cysteine, histidine, and lysine, while ONE also binds to arginines. The reactivity of HNE (k~HNE~) toward amino acids was reported to be: cysteine (1.21 M^−1^ s^−1^) \>\> histidine (2.14 × 10^−3^ M^−1^ s^−1^) \> lysine (1.33 × 10^−3^ M^−1^ s^−1^) \[[@B58-molecules-24-04545]\]. This means that the reactivity of thiol group-containing cysteines is higher than that of amino group-containing lysines and histidines. It further implies that HNE and ONE would primarily attack the thiol groups of proteins disabling disulfide bridges formation and affecting thereby protein function(s) \[[@B59-molecules-24-04545]\]. ONE was reported to be more reactive than HNE, given k~ONE~/k~HNE~: cysteine 153 \>\> histidine 10.3 \> lysine 5.61. In contrast, extremely reactive IsoK rapidly reacts with positively charged lysine residues rather than with thiols \[[@B60-molecules-24-04545]\]. The modification and crosslinking of amino acid residues, proteins, and peptides are perceived as major toxic effects of RA. The selective and reversible oxidation of key residues in proteins that presumably leads to conformational changes and the alteration of protein activity and function \[[@B61-molecules-24-04545],[@B62-molecules-24-04545]\] is a physiological mechanism well-studied in cytosolic (hydrophilic) proteins.

An important role for the membrane lipid, phosphatidylethanolamine (PE), in the functions of cell membranes and transmembrane proteins (discussed in [Section 4.2](#sec4dot2-molecules-24-04545){ref-type="sec"}) implies that its modification affects different processes in the cell. Whereas rate constants for the reaction of HNE with amino acids have been intensively studied, no binding kinetic data exists concerning the reaction rate of HNE with amino groups of lipids (PE, phosphatidylserine (PS), and sphingomyelin (SML)). However, the interaction with amino groups of lipids seems to be highly relevant for membrane proteins, especially in membranes with a low protein/lipid ratio (e.g., oligodendrocytes). Previously it was shown that the function of membrane uncoupling proteins is altered only in the presence of PE \[[@B16-molecules-24-04545]\], although western blot analysis revealed that HNE was also bound to cysteines \[[@B48-molecules-24-04545]\].

4. Phosphatidylethanolamine as a Crucial Target for Reactive Aldehydes {#sec4-molecules-24-04545}
======================================================================

4.1. Phosphatidylethanolamine and Its Physiological Functions {#sec4dot1-molecules-24-04545}
-------------------------------------------------------------

Phosphatidylethanolamine (PE) is the second most abundant phospholipid, after phosphatidylcholine (PC), in the membranes of all mammalian cells. On average, it makes up 25% of the total phospholipid mass \[[@B63-molecules-24-04545]\]. The highest amount of PE, up 45% of all phospholipids, is found in the membranes of tissues of the neuronal system, such as white matter of the brain, nerves, and spinal cord \[[@B64-molecules-24-04545]\]. PE is a non-bilayer lipid, more abundant in the inner than in the outer leaflet of the cell membranes \[[@B65-molecules-24-04545]\]. Due to its conical shape, PE modulates membrane curvature and lateral pressure \[[@B66-molecules-24-04545],[@B67-molecules-24-04545]\] and thus supports membrane fusion \[[@B68-molecules-24-04545],[@B69-molecules-24-04545],[@B70-molecules-24-04545],[@B71-molecules-24-04545]\] and function of several membrane proteins \[[@B67-molecules-24-04545],[@B71-molecules-24-04545],[@B72-molecules-24-04545]\].

PE is a fundamental component of biological membranes, needed for many cellular functions. Besides being a precursor for other lipids \[[@B73-molecules-24-04545]\], PE is involved in a multitude of physiological functions. Among others, PE (1) supports chaperoning membrane proteins to their folded state \[[@B74-molecules-24-04545]\], (2) activates oxidative phosphorylation \[[@B75-molecules-24-04545],[@B76-molecules-24-04545]\], (3) is involved in apoptotic \[[@B77-molecules-24-04545]\] and ferroptotic \[[@B78-molecules-24-04545]\] cell death pathways, (4) mediates the modification of prions from a nontoxic to toxic conformation \[[@B79-molecules-24-04545]\], and (5) is crucial for the synthesis of glycosylphosphatidylinositol-anchored proteins essential for cell viability \[[@B80-molecules-24-04545]\]. The importance of PE for cell function is evident in the existence of four separate PE biosynthetic pathways \[[@B81-molecules-24-04545]\], one of which takes place in the inner mitochondrial membrane \[[@B76-molecules-24-04545]\].

Disorders in PE metabolism have been implicated in many chronic diseases, such as Alzheimer's disease, Parkinson's disease, and nonalcoholic liver disease \[[@B82-molecules-24-04545]\], as well as metabolic disorders such as atherosclerosis, insulin resistance, and obesity \[[@B63-molecules-24-04545]\]. Increased levels of PE have been described in cancer cells leading to PE being regarded as a target in the development of anticancer therapies \[[@B83-molecules-24-04545]\].

4.2. PE Adducts {#sec4dot2-molecules-24-04545}
---------------

To date, only a few groups have studied the ability of reactive aldehydes (RAs) to modify the headgroup of amino-phospholipids (amino-PLs), predominantly PE, and characterized formed adducts. Reactions of α,β-unsaturated aldehydes (HHE, HNE, and ONE) with amino-PLs lead to the formation of different adducts, such as Michael adducts (MAs) and Schiff base adducts (SBs) ([Figure 3](#molecules-24-04545-f003){ref-type="fig"}). Depending on experimental conditions (for example, incubation) more complex types of adducts, such as double-MAs, double-SBs, and pyrrole adducts, may be formed \[[@B84-molecules-24-04545],[@B85-molecules-24-04545],[@B86-molecules-24-04545],[@B87-molecules-24-04545],[@B88-molecules-24-04545],[@B89-molecules-24-04545]\]. Initially, studies of modifications of amino-PLs by α,β-unsaturated aldehydes and hydroxyalkenals, and subsequently ketoaldehydes (IsoLGs) and short- and long-chain aldehydes, were performed. Recently, it was demonstrated that primary amines can react with glucose \[[@B90-molecules-24-04545]\] and amide linkages \[[@B91-molecules-24-04545]\], and modify the head group of amino-PLs in a similar manner (s. below).

The first described covalent modifications of the lipid head group by an RA were the reactions of the HNE with PE and PS. As the main products, PE-MAs and PS-MAs were identified. Imine and pyrrole adducts were detected only in PE, but to a much lesser extent \[[@B84-molecules-24-04545]\]. Other authors reported covalent modification of the PE headgroup by long chain saturated alkenals (e.g., pentadecanal, heptadecenal), and α-hydroxyalkenals (α-hydroxyhexadecanal, α-hydroxyoctadecanal), produced during oxidation of plasmalogen, resulting in PE-SB adducts, also known as *N*-alkyl-PEs \[[@B92-molecules-24-04545],[@B93-molecules-24-04545],[@B94-molecules-24-04545]\].

Evaluation of the role of the acyl chain length of α,β unsaturated hydroxyalkenals (4-HHE, 4-HNE and 4-HDDE) on their ability to covalently modify different types of PEs revealed (1) a correlation between their reactivity to PE with their increasing hydrophobicity in the order HHDE \> HNE \> HHE ([Figure 2](#molecules-24-04545-f002){ref-type="fig"}), and (2) their selectivity towards different PEs: all three hydroxyalkenals favored modification of plasmalogen-PE over other PEs \[[@B85-molecules-24-04545]\].

Comparison of the covalent modification of PE due to a reaction with HNE and the more toxic ketoaldehyde, ONE, which has the same length but with a carbonyl instead of a hydroxyl group on C4, revealed that this difference led to the formation of different adducts ([Figure 3](#molecules-24-04545-f003){ref-type="fig"}, B). While HNE formed four types of PE-adducts (MAs, SBs, double-MAs, and double-SBs), only one ONE-PE adduct (SB type) was detected \[[@B16-molecules-24-04545]\]. These results highlight how the toxicity of ONE can be explained by the formation of only one type of ONE-PE adduct compared to a joint effect of several types of HNE-PE adducts.

With increased lipophilicity and complexity, the reactivity of ketoaldehydes also increases ([Figure 2](#molecules-24-04545-f002){ref-type="fig"}). Reactive γ-ketoaldehydes (γKA), also named IsoK or isolevuglandins, are peroxidation products of arachidonic acid formed via the isoprostane pathway \[[@B60-molecules-24-04545]\]. In vitro experiments have revealed that IsoK covalently modified the PE headgroup at a higher rate than the well-characterized HNE, forming IsoK-PE SBs and IsoK-PE pyrrole adducts \[[@B95-molecules-24-04545]\]. Further, it was shown that the reaction rate of IsoK with PE is significantly higher than those with protein or DNA \[[@B96-molecules-24-04545]\]. Recent evidence indicates that IsoK-PE adducts act as inflammatory mediators in the cell \[[@B97-molecules-24-04545],[@B98-molecules-24-04545]\]. However, the molecular mechanisms are largely unknown. One can speculate that many of the effects previously attributed to protein modification due to IsoKs \[[@B99-molecules-24-04545],[@B100-molecules-24-04545]\] could, in fact, be due to their ability to modify PE. It has been shown that even more simple products of arachidonate oxidation, such as diverse carboxyacyls, chemically react with the PE amine group, making a family of so-called amide-linked PEs and forming predominantly SBs and the pyrrole type of adducts. These adducts have been implicated in the inflammation of endothelial cells \[[@B91-molecules-24-04545],[@B94-molecules-24-04545]\].

In addition, the "smallest" aldehydes, such as MDA and acrolein, are capable of modifying the PE headgroup through the initial formation of SB, ending in more complex products. For example, the predominant product of the incubation MDA and PE was identified as dihydropyridine-PE (DHP-PE) \[[@B91-molecules-24-04545]\], while two acroleins in reactions with PE formed a compound termed (3-formyl-4-hydroxy)-piperidine-PE (FDP-PE) \[[@B101-molecules-24-04545]\]. The involvement of MDA-PE and acrolein-PE adducts in the inflammatory process is moderate compared to HNE- or IsoK-PE adducts \[[@B91-molecules-24-04545]\]. Due to their higher hydrophilicity, such RAs are thought to easily leave the lipid membrane and react with cytosolic proteins to a greater extent than with membrane lipids.

It should be mentioned that the PE amine headgroup can be covalently modified by glucose and several fungal products. Glucose has an aldehyde group that can react with the primary amine of aminophospholipids via Maillard reactions to form Amadori adducts, (e.g., glucose phosphatidylethanolamine (gPE) and glucose phosphatidylserine (gPS)) \[[@B90-molecules-24-04545],[@B102-molecules-24-04545],[@B103-molecules-24-04545]\]. Under conditions of oxidative stress, Amadori adducts undergo degradation to form advanced glycation products (goxPE) \[[@B104-molecules-24-04545]\]. Several authors suggest gPEs and goxPEs are involved in diabetic and related neurodegenerative diseases \[[@B105-molecules-24-04545],[@B106-molecules-24-04545]\]. Ophiobolin A (OPA) is a compound found in a fungus that is toxic to plant cells. OPA reacts with the primary amine of PE and forms pyrrole-containing OPA-PE adducts that show cytotoxic effects on some cancer cells \[[@B83-molecules-24-04545]\].

4.3. Modification of Membrane Properties by PE and PE Adducts {#sec4dot3-molecules-24-04545}
-------------------------------------------------------------

Because of its conical shape, PE is essential for the processes of membrane budding, fission, and fusion \[[@B64-molecules-24-04545],[@B107-molecules-24-04545],[@B108-molecules-24-04545]\]. In the lipid bilayer membrane, PE affects a lateral pressure profile and modulates membrane curvature; together with other lipids, PE provides an environment for optimal conformation and function of transmembrane proteins \[[@B67-molecules-24-04545]\].

Although different studies have reported that RAs form adducts with aminophospholipids, their impact on the lipid bilayer membrane has been poorly studied. Recently, Jovanovic et al. \[[@B16-molecules-24-04545]\] showed that PE adducts, formed after incubation of PC/PE lipid membranes with α,β-unsaturated aldehydes, significantly increased negative membrane ζ-potential in the order HHE \< HNE \<\< ONE. Notably, RAs did not influence the ζ-potential in PC lipid bilayers. An evaluation of the influence of PE adducts on the order parameter, S, revealed that only modification of PE by ONE leads to an increase in the bilayers' fluidity, caused by alterations in the spatial arrangement of aliphatic chains in the lipid membrane. In contrast, HHE-PE adducts and HNE-PE adducts did not change the order parameter. Covalent modification of PE by HNE increased sodium permeability across the phospholipid bilayer by four orders of magnitude, while in the absence of PE the effect was not observed \[[@B89-molecules-24-04545]\]. A calculation of the Nernst potential in the presence of a proton gradient revealed that the HNE-mediated total membrane conductance, G~m~, in PE-containing lipid membranes was mainly caused by cations (2/3 G~m~) rather than by protons (1/3 G~m~). Surprisingly, this effect was not recorded for the more toxic ONE. Molecular dynamic (MD) simulations of a lipid bilayer membrane composed of PC and either HNE or ONE adducts suggested that all types of HNE-PE adducts (especially the double adducts, D-SB-HNE and D-MA-HNE) became anchored deeper in the hydrophobic region, while ONE-PE adducts were entirely localized in the headgroup region of the lipid membrane. Study of the structural properties of the lipid bilayer revealed that double HNE adducts caused an increase in the area per lipid and a decrease in hydrophobic core thickness. The decrease of lipid dipoles per unit surface area diminishes membrane dipole potential \[[@B109-molecules-24-04545]\]. As a consequence, the free energy barrier (∆G) for cations should decrease \[[@B110-molecules-24-04545]\]. In turn, the permeability for sodium ions was increased \[[@B89-molecules-24-04545]\].

Guo et al. \[[@B94-molecules-24-04545]\] measured T~H~-shifts in the bilayer to a hexagonal phase transition temperature of DiPoPE (T~H~) incubated with 4-oxo-pentanal (OPA), γKA and glutaryl (glt) using differential scanning calorimetry to prove whether the formation of such adducts altered the curvature of the lipid membrane. γKA-PE and OPA-PE adducts showed similar behavior, and increased negative membrane curvature, while an *N*-glt-PE adduct showed the opposite effect to promote a positive membrane curvature. The observed change in the membrane curvature was consistent with the suggested localization of PE adducts. While γKA-PE and OPA-PE adducts are supposedly localized in the hydrophobic region, the *N*-glt-PE adduct is localized in the headgroup region. These results confirmed the assumption that modification of the PE headgroup alters lipid bilayer membrane properties, such as membrane curvature and, consequently, lateral pressure profile.

Modification of the lipid shape due to the formation of ONE-PE adducts was reported to affect membrane curvature, which then altered the elastic properties of the lipid bilayer and the lateral pressure profile \[[@B111-molecules-24-04545]\]. In general, due to the difference in RA-PE adduct distribution between the two leaflets, asymmetric changes of spontaneous membrane curvature may arise. In turn, the stability of membrane domains (lipid rafts) may be altered \[[@B112-molecules-24-04545]\].

4.4. Modification of Membrane Transporter Function in the Presence of PE Adducts {#sec4dot4-molecules-24-04545}
--------------------------------------------------------------------------------

Both proteins and lipids were identified as targets of RA activity. However, while modification of cytosolic proteins by the activity of RAs has been extensively studied, and is directly related to protein dysfunction \[[@B49-molecules-24-04545]\], an investigation of the impact of RAs on transmembrane proteins has only been made to a very modest extent, mostly due to their hydrophobicity. The observed alteration of membrane protein function was interpreted in the same way, assuming a direct connection between the modification of certain amino acid residues and protein function.

The investigation of RA--protein interactions using artificial lipid membranes reconstituted with several transporters (mitochondrial transporter UCP1, potassium transporter valinomycin and uncoupler CCCP) surprisingly demonstrated that RA altered the transport activity of these molecules only when in the presence of the PE \[[@B16-molecules-24-04545]\]. The greatest effect was elicited by ONE, which was more toxic in cell experiments, followed by HNE. HHE showed a much weaker effect, probably due to its lower hydrophobicity. Experiments further revealed that covalent modification of the PE headgroup causes changes in the electrical and mechanical properties of the lipid membrane, such as the boundary potential, order parameter and membrane bending rigidity \[[@B111-molecules-24-04545],[@B113-molecules-24-04545]\]. According to MD simulations, the position of the RA-PE adduct in the lipid bilayer was responsible for the observed changes. Similar to the dipole potential modifier, phloretin \[[@B114-molecules-24-04545]\], ONE- and HNE-PE adducts altered the boundary potential in the lipid membrane, and decreased the positive membrane energy barrier \[[@B115-molecules-24-04545]\]. This resulted in increased valinomycin-mediated potassium transport and decreased proton transport mediated by CCCP. The same molecular mechanism could not explain the RA-PE action on UCP1 since UCP1-mediated proton conductance was not affected in the presence of dipole potential modifiers. However, MD simulations suggested that formation of RA-PE adducts change the form of PE from an originally negative intrinsic curvature to the opposite one, which was confirmed by observed changes of membrane bending rigidity \[[@B116-molecules-24-04545]\]. Notably, a decrease of membrane bending rigidity in the presence of RA-PE adducts was in the order ONE \> HNE \> HHE, consistent with their effect on UCP1. The change in membrane curvature by the formation of RA-PEs, and related changes in the membrane lateral pressure profile, were made responsible for the modification of UCP1 transport function. In contrast to that previously shown for cytosolic proteins, modification of UCP1 and UCP2 by RAs \[[@B16-molecules-24-04545],[@B48-molecules-24-04545]\] cannot activate the proteins directly, but rather by a described novel PE-mediated mechanism.

Interestingly, glycated and glycoxidized PEs also alter the transport function of valinomycin in the same direction as RA-PEs, but to a more moderate extent \[[@B90-molecules-24-04545]\]. PE glycation led to a similar change in negative membrane surface potential, as shown for RA-PEs. It indicates that glycated and glycoxidized PEs may decrease the positive energy membrane barrier in the lipid bilayer for cations comparable to the membrane dipole modifier, phloretin \[[@B114-molecules-24-04545]\] and RA-PEs. An observed change in melting temperature upon PE glycation indicates a change in the membrane curvature \[[@B90-molecules-24-04545]\], which allows us to hypothesize that such glucose-derived modifications on PEs could also affect the function of transmembrane proteins.

Unfortunately, we didn't find examples demonstrating the impact of PE adducts on other transmembrane proteins than UCPs \[[@B16-molecules-24-04545],[@B48-molecules-24-04545],[@B90-molecules-24-04545]\]. Although few groups demonstrated the modifications of the PE in cells and tissues \[[@B91-molecules-24-04545],[@B94-molecules-24-04545],[@B95-molecules-24-04545],[@B99-molecules-24-04545]\], the possible impact of PE-adducts on the function of the membrane proteins was neither studied nor discussed. Guided by the hypothesis that the formation of RA-PE adducts could be involved in the pathogenesis of diseases associated with oxidative damage, authors focused on their involvement in the signaling and inflammatory processes. Considering the emerging role of lipid shape and membrane curvature on the function of transmembrane proteins, as well as their distribution in the membrane \[[@B117-molecules-24-04545],[@B118-molecules-24-04545]\], the modification of PEs and their impact on the other membrane proteins have to be seriously studied.

5. Conclusions and Outlook {#sec5-molecules-24-04545}
==========================

The question of how the functions of membrane transporters are modified under oxidative stress is a central issue that remains unexplained at the molecular level. ROS and their derivatives, RAs, are implicated in many diseases and, furthermore, in many signaling pathways. Current research has mainly focused on the aldehyde-mediated modification of protein amino acids, such as cysteine, lysine, and histidine, which supposedly affects the conformation of proteins. Recently, it was hypothesized that this mechanism may be more relevant for cytosolic proteins \[[@B16-molecules-24-04545]\]. In contrast, the mechanism by which RAs modify the functions of membrane proteins may fundamentally differ from that of hydrophilic proteins. We have recently demonstrated that the initial binding of aldehydes to PE is a crucial step for alteration of the RA-mediated activity of different membrane transporters, such as mitochondrial inner membrane UCP1, the ionophore valinomycin, and the protonophore CCCP \[[@B16-molecules-24-04545]\]. A lipid-mediated mechanism seems to be even more relevant for membranes abundant in PE, PS, or SML (e.g., mitochondria, bacteria) and for membranes with a low protein/lipid ratio, such as the membranes of oligodendrocytes.

Whereas one can argue that short- and middle-chain aldehydes have approximately equal affinity in binding to the primary amine of an amino phospholipid or amino acid, very reactive long chain IsoK (products of the AA, 20:4, ω-6) bind to PE at a significantly higher rate than to proteins or DNA due to their strong hydrophobicity, as already experimentally shown \[[@B96-molecules-24-04545]\]. Moreover, IsoKs have been detected in brain and nervous tissue as a consequence of oxidative damage. The cells of these tissues meet two conditions for preferential IsoK-PE adduct formation: they are rich in AA acyl chains, which are a source for isoketal formation, and in PE \[[@B97-molecules-24-04545],[@B99-molecules-24-04545],[@B119-molecules-24-04545]\]. This makes an investigation of the mechanisms by which PE adducts influence the function of membrane proteins very important.
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![Elevated levels of ROS induce PUFA peroxidation in the cell membrane and the formation of different α, β-unsaturated RAs which can react with proteins, lipids, and DNA. Abbreviations: AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; HDDE, 4-hydroxydodeca-(2E,6Z)-dienal; PLA2, phospholipase A2; PUFA, polyunsaturated fatty acid.](molecules-24-04545-g001){#molecules-24-04545-f001}

![Main types of α,β-unsaturated aldehydes and relations between their lipophilicity, reactivity, and toxicity. Abbreviations as used in [Figure 1](#molecules-24-04545-f001){ref-type="fig"}.](molecules-24-04545-g002){#molecules-24-04545-f002}

![Mechanisms of modification of the phosphatidylethanolamine (PE) by RAs and their impact on function of mitochondrial and other cell membranes. HNE and ONE covalently bind to the PE primary amine group (**A**), forming different RA-PE adducts (Michael or Schiff base type) (**B**). HNE-PE adducts in lipid bilayer membrane decrease free energy barrier ∆G and increase permeability for cations. Localization of ONE-PE and HNE-PE adducts in the cellular membrane change bending properties and lateral pressure profile of the membrane that results in increased proton translocation mediated by uncoupling protein (UCPs) (**C**). Abbreviations: OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane.](molecules-24-04545-g003){#molecules-24-04545-f003}
